Abstract: The demand of higher data rates has made it attractive to consider a low-cost laser diode (LD), such as vertical-cavity-surface-emitting laser (VCSEL) for use in visible light communication (VLC) transmitters (Tx) due to their higher electrical-to-optical modulation bandwidth, beam convergence, and energy efficiency. Many reported LD-based VLC systems only had a solitary downstream transmission. We demonstrate a 3-m bidirectional signal remodulated VCSEL-based VLC system using visible-light modulator to produce the upstream signal. The visible-light external modulator usually has limited modulation bandwidth. By using the predistortion, the upstream remodulated data rate is enhanced by ∼2.8 times. Hence, the VCSEL-based VLC system with 10.64-Gb/s downstream signal and 5-Mb/s upstream remodulated signal can be achieved. We also analyze via numerical simulations how the predistorted signal can enhance the transmission data rate by mitigating the intersymbol interference introduced by the bandwidth limitation of the upstream modulator.
Introduction
Visible light communication (VLC) is emerging as a potential future mobile communication technology for indoor networks. It provides distinct transmission advantages such as a license-free high speed transmission, and compatibility for use with equipment sensitive to electromagneticinterference (EMI) [1] - [3] . Instead of using radio-frequency (RF), VLC uses the visible optical spectrum, which has several orders of magnitude larger potential bandwidth than conventional RF wireless communications. It can also be used to supplement existing RF technologies in hybrid RF/optical wireless systems [4] - [6] . VLC may also help with the issue of load balancing in existing mobile wireless networks. Light emitting diodes (LED) have attracted much of the early attention for VLC transmitters (Txs) because of their compatibility with general lighting. The demands of higher data rates have now made it necessary to consider low cost laser diode (LD), such as vertical cavity surface emitting laser (VCSEL) for the VLC Tx due to the potentially higher electrical-to-optical (EO) modulation bandwidth and improved energy efficiency [7] - [10] .
There have already been several reports of LD-based VLC systems including visible laser light communication (VLLC) system used in computer server rooms inside data centers [10] ; as well as military uses and under-water communications [11] - [13] . Most of the earlier works reported LDbased VLC systems with only downstream transmission [14] , [15] ; and the upstream transmission using signal remodulation is promising since only a one laser source is needed from the base-station (BS) per user. The LD is not needed at the cost-sensitive user-equipment (UE) but may be replaced by a reflector. In [16] , the upstream signal is limited by the bandwidth of the upstream modulator. In [17] , the signal remodulation is achieved by modulating a retro-reflector to produce the upstream signal, and the whole system is operated in the infra-red (IR) wavelength range. In this work, we demonstrate a 3-m bi-directional signal remodulated VCSEL-based VLC system using a visiblelight modulator to produce the upstream signal. The visible-light external modulator usually has very limited modulation bandwidth. By using pre-distortion, the upstream remodulated non-returnto-zero (NRZ) data-rate is enhanced by ∼2.8 times. Hence, the VCSEL-based VLC system with 10.64-Gbit/s downstream signal and 5-Mbit/s upstream remodulated signal can be achieved. Our proposed scheme is similar to [16] , but with improved upstream data rate by using pre-distortion. Besides NRZ modulation format, the pre-distortion scheme can also be applied to other intensity modulations, such as Manchester-coded modulation [18] and 4-level pulse-amplitude-modulation (PAM-4) modulation [19] . We also analyze via numerical simulations how the pre-distorted signal can enhance the transmission data rate by mitigating the inter-symbol interference (ISI) introduced by the upstream visible-light modulator's bandwidth limitation.
Experiment
The experimental setup of the bi-directional signal remodulated VCSEL-based VLC system is shown in Fig. 1(a) . An arbitrary waveform generator (AWG, Tektronix AWG 7082C) is used to generate the electrical orthogonal frequency division multiplexing (OFDM) signal to directly modulate the VCSEL. It has a 1-GHz EO modulation bandwidth with emitted wavelength of 682 nm. The encoding and decoding of OFDM signal are implemented by using an offline Matlab program, and Fig. 1(b) shows the OFDM signal encoding and decoding processes. In the OFDM encoding, the random data is serial-to-parallel converted. Then, symbol mapping, inverse fast Fourier transform, addition of cyclic prefix (1/32) and parallel-to-serial conversion are performed. The downstream optical OFDM signal then propagates different wireless distances to the UE, where the polarization beam splitter 1 (PBS 1 ) is used to power divide the downstream OFDM signal into two portions. One portion is launched into a PIN photodiode (PD 1 ) attached to a real-time oscilloscope (RTO, Tektronix DPO7354C) for OFDM downstream signal analysis. The RTO played the role of analog-to-digital converter. The OFDM decoding process is also shown in Fig. 1(b) , including serial-to-parallel conversion, removal of cyclic prefix, fast Fourier transform, equalization and symbol mapping. Bit-error rate (BER) is calculated in terms of signal-to-noise ratio (SNR) of whole OFDM subcarriers (without considering the DC subcarrier).
The other downstream signal portion will be launched into the upstream modulator via PBS 2 to generate the remodulated upstream on-off keying (OOK) signal. A pulse-pattern generator (PPG) with a modulator driver is adopted to drive the upstream visible light external modulator, which is an acousto-optic modulator (AOM, IntraAction Corp.). The optical wavelength range of the AOM is from 440 nm to 700 nm. It has a 3-dB modulation bandwidth of 1.8 MHz at the beam diameter of 1.5 mm. The optical insertion loss is 2%, and it is polarization insensitive. The upstream data rate is limited by the AOM available in the laboratory. Commercially available AOM, such as from Brimrose, has the modulation bandwidth of 200 MHz with supported spectral range from 380 nm to 1600 nm. It is worth to mention that during the signal remodulation, special erasure method of the downstream OFDM signal for the modulation of the upstream OOK signal is not needed; and only a simple electrical low-pass filter (LPF) embedded at the receiver (Rx) in the BS is needed. Finally, the remodulated upstream OOK optical signal is launched into PD 2 connected to an error detector (ED) at the BS to measure the BER. The LPF after the PD 2 can effectively filter out the downstream OFDM signal so as to recover the upstream OOK signal. A pre-distortion technique is employed to enhance the upstream data rate. Fig. 2(a) and (b) show the measured SNRs and the bit-loading applied to the downstream OFDM signal of subcarrier frequency range <2 GHz. The wireless propagation distances of 2 m and 3 m are studied. OFDM subcarriers with high SNRs can support higher bit/symbol quadrature amplitude modulation (QAM); hence, the technique of bit-loading is performed to each subcarrier according to the SNR to achieve higher data rate. As shown in Fig. 2(a) , the SNRs of most of the subcarriers after 2 m transmission are higher than those after 3 m transmission; hence higher bit/symbol can be applied as shown in Fig. 2(b) . Fig. 3(a) shows the average SNRs of all the subcarriers and the achieved net data rates (after cyclic prefix removal) after 2 m and 3 m wireless transmission. We can observe that the average SNRs of 22.47 dB and 20.39 dB can be achieved after 2 m and 3 m transmissions with bit-error rate (BER) of 2.6 × 10 −3 satisfied the 7% forward error correct (FEC) requirement. The data rates after , and 8 bit/symbol. We can observe that from Fig. 3(b) , the constellation diagrams of 4 and 8-QAM after 2 m transmission are less dense and less concentrated than the 4 and 8-QAM after 3 m transmission as shown in Fig. 3(c) . The number of OFDM subcarriers used in the 2 m and 3 m transmissions are the same, and the average SNR of 2 m transmission is higher than that in 3 m transmission as shown in Fig. 3(a) ; hence more subcarriers can be modulated at higher bit/symbol in the 2 m transmission. This can be observed that the higher-level QAM constellation diagrams in Fig. 3(b) are more concentrated than those in Fig. 3(c) ; while the lower-level QAM constellation diagrams in Fig. 3(b) is less concentrated than those in Fig. 3(c) .
Results and Discussions
As the upstream modulator has limited modulation bandwidth, high signal attenuation occurs at the high frequency portion of the applied electrical signal. This high-pass rejection effect will produce serious ISI. Pre-distortion can be a simple and non-adaptive signal equalization technique, which purposely increases the signal power of the high-frequency portions of the electrical signal. Fig. 4(a) shows measured Q-values of the upstream remodulated OOK signals before and after the pre-distortion scheme against the received optical powers at the PD 2 at transmission distance of 3 m. Different LPFs at the Rx are used. First, it can be clearly observed that Q-value of the upstream signal is better when the 20 MHz LPF is used. This is because it can remove the downstream OFDM signal more effectively. As shown in the inset eye diagrams of Fig. 4(a) , the upstream remodulated OOK signal after 20 MHz filtering is clearer and widely opened; while the eye-opening of the upstream remodulated OOK after 200 MHz filtering is smaller due to the residual downstream OFDM signal. Second, it can be clearly observed the Q-value of pre-distortion OOK is significantly enhanced. At the optical power of 0.41 mW, the Q-value of the remodulated upstream OOK signal is significantly enhanced. We can observe that the 5-Mbit/s pre-distorted remodulated OOK signal (with 20 MHz LPF) can achieve error free operation (BER < 10 −9 ) when the received optical power is > 0.22 mW. Fig. 4(b) shows the measured Q-value of the upstream remodulated OOK signal with pre-distortion when the received optical power is very low. Even at the very low received optical power of 0.032 mW, the FEC requirement can still be achieved.
Pre-distortion scheme can be implemented by applying signal spikes at the leading and trailing edges in the original signal. Fig. 5 illustrates how the pre-distortion signal can be generated with one-tap. The original electrical signal V(t) as shown in Fig. 5(a) is delayed by certain time, then it is weighted with a factor a, where 0 < a < 1 as shown in Fig. 5(b) . Then the pre-distortion signal can be simplify generated by subtracting the original signal V(t) and the weighted and delayed signal aV(t-1). A theoretical analysis to study the capability and limitations of the pre-distortion scheme is performed. Simulation software VPI Transmission Maker V7.5 is used. Fig. 5(d)-(g) show the simulated pre-distortion waveforms generated used to applied to the AOM with different parameters. The pre-distorted signal shown in Fig. 5(d) and (e) have the delay of 1/4 bit period with a = 0.31 and 0.63 respectively. The pre-distorted signal shown in Fig. 5(f) and (g) have the delay of 1/2 bit period with a = 0.31 and 0.63 respectively. Higher "a" value will result in larger signal over-shoot and under-shoot of the pre-distortion signal. Fig. 6 (a) and (b) show the Q values (dB) of the output signals against different input signals to the AOM without and with the pre-distortion, having delay of 1/4 bit period and 1/2 bit period respectively. The data rates of the input signals are divided by the AOM-bandwidth (MOD BW). As shown in Fig. 6(a) , the quality of the original signal without using pre-distortion will drop quickly when the data-rate-over-MOD-BW is larger than 1.25. This means the signal performance will drop quickly when the applied electrical data is 1.25 times of the AOM bandwidth. When pre-distortion is applied, we can observe that the signal performance can be significantly enhanced at larger data-rate-over-MOD-BW. For example, at the data-rate-over-MOD-BW is 2.5, the Q values are improved from 17.37 dB (original) to 19.75 dB (a = 0.31) and 20.32 dB (a = 0.45) respectively. The pre-distortion scheme only performs effectively when the data rate of the applied electrical signal is much larger than the modulator bandwidth. If the modulator bandwidth is high enough, the pre-distortion scheme could deteriorate the signal quality. By using a larger time delay as shown in Fig. 6(b) , similar signal improvement can be observed as in the case of using 1/4 bit-period delay; but with higher signal fluctuation.
Conclusion

